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ABSTRACT

Earth particle velocities produced by sonic booms were recorded at
Edwards Air Force Base, California, the Tonto Forest Seismological Observatory
near Payson, Arizona, and the Uinta Basin Seismological Observatory near
Vernal, Utah. Analysis of the field data indicates that the seismic effects
of sonic booms are largely confined, laterally, to the boom pressure envelope
and vertically to the upper few meters of the earth's surface. The maximum
particle velocity associated with a sonic boom is in response to the rapid
pressure changes of the leading and trailing edges of the acoustic N-wave.
Comparison of peak particle velocities recorded at Edwards Air Force Base
show good agreement with theoretically-predicted values. Empirical relations
developed from the recorded data indicate that peak particle velocity is
linearly related to the maximum positive overpressure of the N-wave. On hard,
well-consolidated rock, each pound per square foot of overpressure produces
about 75 microns per second peak particle velocity. On more loosely-
consolidated rock, each pound per square foot of overpressure produces about
100 microns per second peak particle velocity.
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SEISMIC EFFECTS  OF SONIC BOOMS

By Tom T. Goforth and John A, McDonald
Teledyne Industries, Geotech Division

1. INTRODUCTION

This is a report of the experimental and theoretical work accomplished
under Contract NAS 1-6342, entered into on 28 June 1966, and Modification 2
to the contract, dated 23 May 1967. The overall period of the contract,
including the modification, was from 1 July 1966 to 30 September 1967.

The contract was for a research study of the seismic effects of sonic
booms. The objective of the study was to measure and interpret the vibrations
of the ground produced by sonic booms.

1.1 SUMMARY OF THE EXPERIMENTS

Field measurements of earth particle velocities produced by sonic booms
were made at Edwards Aixr Force Base (EAFB), California, the Tonto Forest
Seismological Observatory (TFSO) located near Payson, Arizona, and the Uinta
Basin Seismological Observatory (UBSO) located near Vernal, Utah. Portable
seismograph systems were used for the measurements at EAFB. At TFSO and UBSO,
modified observatory seismograph systems were utilized in addition to the
portable systems. Geologic studies, including seismic refraction surveys,
were conducted at each of the three test sites. The particle velocity data
were analyzed visually and automatically, and the results were correlated with
the geologic data and with NASA-furnished overpressure, flight parameter, and
meteorological data. Theoretical estimation techniques were developed to
predict maximum particle velocities to be expected for the passage of a known
N-wave at a particular geological location.

1.2 GENERATION OF THE SONIC BOOM

Sonic booms are caused by a conical shock wave doublet (N-wave) oriented
as shown in figure 1. For simplicity, only the initial compressional shock
front is shown. The boom is generated by a sudden compression of air by the
bow of the moving aircraft. A rarefaction immediately follows and continues
until a final recompression, associated with the tail of the aircraft, con-
cludes the N-wave. Each half of the shock wave doublet produces a relative
pressure variation (AP/P) at large ray distances R given (Ferri, 1961)
approximately for steady, level flight by



AP M/2  E(E)
- - T T (1)
P M2-1 2R

where M = speed of aircraft

speed of sound in air

and F(£) depends upon the size and configuration of the aircraft.

The cone defining the front of the pressure wave doublet intersects a
flat earth's surface in a hyperbolic trace. The intersection of each pressure
wave with a point on the ground exerts a force on the point directed into the
ground at an angle to the vertical equal to the Mach angle (u). The force may
be resolved into vertical and horizontal components shown in figure 1. The
horizontal components will couple seismic energy into the ground where the
surface is rough or has topographic irregularities. The vertical component
of the force creates a hyperbolic arc of elastic depression in the ground,
which moves forward with the speed of the aircraft.

This study investigates the resulting seismic effects of this impingement
of the boom on the ground.



2. FIELD EXPERIMENTS

2.1 GENERAL

Seismic measurements of sonic booms were made at EAFB, TFSO, and UBSO;
the locations of the three test sites are shown in figure 2. The great
majority of the measurements were made at EAFB where 183 separate missions
were monitored. Measurements were made of 8 missions at TFSO and of 3 missions
at UBSO in order to obtain data from different geologic environments and to
utilize the seismometer arrays at the observatories for focusing, lateral
propagation, and depth attenuation studies.

2.2 INSTRUMENTATION

The mobile equipment consisted of five identical seismograph systems,
each of which could be used to measure either horizontal or vertical ground
particle velocities. A block diagram of one of the seismograph systems is
shown in figure 3. Each seismograph consisted of a Seismometer, Model 18300;
an Amplifier and Signal Conditioner, Model 25031; a Visicorder Oscillograph,
Honeywell Model 1406; a Magnetic-Tape Recorder, Model 17373; and the associated
power supplies and cabling. This equipment provided for the simultaneous
recording of seismic data on both paper records and on frequency-modulated
magnetic tape. The tape recorder had a greater dynamic range than the visual
recorder and was used as the primary recording system, although the paper
records provided a useful visual monitor. Also, during analysis of the sonic
boom seismograms the paper records provided a useful check on the accuracy of
the data played back from the magnetic-tape seismograms.

The magnetic-tape seismograms were recorded on half-inch, 7-channel tape
which consisted of 5 channels of seismic data, 1 channel of timing data, and
1 wow-and-flutter compensation channel. The tape speed was 15/16 inches per
second. Commonly, 5 channels of seismic data and 1 channel of timing data
were recorded on the Visicorder, and intermediate timing lines for the visual
records were provided by a built-in timer. The National Bureau of Standards
Radio Station, WWV, Fort Collins, Colorado, was recorded on the magnetic
tape as a time base.

Calibration of the seismograph systems was accomplished by a Calibration
Control, Model 20136. This unit produced a sine wave of known but variable
amplitude at a frequency of 5 Hz. The sine wave was used to drive the seis-
mometer coils at known equivalent ground velocities. In general, the seismo-
graph systems were calibrated twice daily on those dates upon which seismic
data were recorded.

The velocity response of each seismograph system was flat in the
frequency range of 1 to 100 Hz within *1 dB. Because both the data and
calibration signals were transmitted between the recording van and the seis-
mometexr over a single four-conductor cable, calibration currents at frequencies
above about 30 Hz showed crosstalk between the data and calibration lines.



Therefore, frequency response calibrations were made by injecting the high-
frequency calibration currents directly into the system at the seismometer.
The frequency response of each seismograph was measured soon after the instal-
lation of each seismometer. Also, at least one additional frequency response
calibration was made at each location.

Six vertical, short-period seismometers in the TFSO array and three
vertical, short-period seismometers in the UBSO array were used for the
observatory experiments. These systems were modified to produce an output
proportional to ground particle velocities. The systems consisted of Johnson-
Matheson Seismometers, Model 6480, feeding Solid-State Amplifiers, Geotech
Model 25220. The data were recorded on a l-inch, 14-channel magnetic tape at
a speed of 0.6 inches per second by a Tape Recorder, Minneapolis Honeywell,
Model LAR 7460. The frequency responses of the modified seismograph systems
were also flat from 1 to 100 Hz.

2.3 DATA ACQUISITION AT EDWARDS AIR FORCE BASE

The major part of the data was collected at EAFB in the period from
October 1966 to January 1967. Geotech was one of several contractors of the
USAF and of NASA involved in the experiments at EAFB, and the missions were
flown, in general, to meet other contractural requirements.

Missions were flown in five general patterns at EAFB:

a. Flights on a 245° magnetic heading over, and at specified
off-set distances from, an experimental house designated E2 (see figure 4).

b. Flights over an 8000 ft array of microphones on East Dry Lake
(see figure 4). No seismometers were located on this lake bed.

c. Flights over South Base (see figure 4). At times, both a
seismometer and pressure gauges were located on this lake bed, providing a
lateral separation of between 2 and 3 miles from the location of the other
seismometers.

d. Data from more than 30 missions flown by SR-71 aircraft were
recorded. These data were used to augment the other sonic boom data whenever
adequate flight parameter data were available.

e. Numerous subsonic low level flights producing engine noise
rather than sonic booms. These were flown as part of a psycho-physiological
study being made by Stanford Research Institute and were recorded at the
request of NASA. Some of these data were used in comparisons of ground motions
generated by sonic booms and those generated by various forms of cultural noise
(see section 4.8).

A complete listing of those flights from which seismic data were recorded
at EAFB is given in appendix A.



The locations of the four seismometer positions occupied at EAFB are shown
in figure 5 in relation to the most frequently used flight trace over E2. These
positions were designated 1, 4, 4R, and 5. Positions 1 and 4 correspond to
microphone positions 1 and 31 in a crossed linear array of microphones installed
by NASA on the small lake bed to the west of Rogers Dry Lake. Seismometer posi-
tion 5 corresponds to the most easterly microphone in a small cruciform just to
the north of E2. Position 4R was chosen to be remote from the remaining
seismometers.

Positions 1 and 5 were the '"permanent' seismometer locations at EAFB; a
vertical seismometer was located at each position, and data were recorded from
them for every mission monitored. Two horizontal seismonieters were also located
at position 1, one measuring ground particle velocities along the flight path
(245°) and the other oriented perpendicular to the flight path. The three seis-
mometers were buried to a depth of about 1 meter in the lake bed material,

The seismometer at position 5 rested on a quartz monzonite basement which
at this point was within about 2 meters of the surface.

The seismometer at position 4, position 31 in the lake bed crossed-linear
microphone array, measured only vertical particle velocities. It was buried
to a depth of about 1 meter in the layer of playa clay over the quartz monzonite
basement. This seismometer was moved several times during the experiments and
was also used at position 1 and at position 4R.

2.4 DATA ACQUISITION AT THE TONTO FOREST SEISMOLOGICAL OBSERVATORY

Eight missions were flown over TFSO. Seven of the flights were made by
B-58 aircraft and one by an SR-71 aircraft.

The B-58 missions were flown specifically for the seismic effects
program according to a predetermined pattern. However, ground based radar
plotting facilities were not available for verification of flight parameter
data; therefore, the pilot's data were used for these flights. Similarly, the
observatory and local meteorological station data were used in lieu of
Rawindsonde measurements.

The seismometer array used in the experiments at TFSO is shown in
figure 6. The five seismometers located at positions 1 through 5 and arranged
in a circle were the five seismometers of the mobile system. The data from
these seismometers were recorded in the same manner as the data were recorded
at EAFB. These data were used to study the focusing effects of the sonic
boom hyperbola. All of the portable seismometers were oriented to measure
vertical ground particle velocities, and each was buried to a depth of between
0.5 and 1 meter. The overpressure was not measured at these five seismometer
locations because only a limited amount of overpressure monitoring equipment
was available and overpressure measurements at the other seismometer locations
were considered to be more critical.



One -of -the overflights each day was planned so that some of the
seismometers were located inside of the boom envelope and some were located
outside of the envelope. Six observatory seismometers, the locations of which
were designated 63, 64, 66, 67, 70, and 72, were used in systems having the
modified response. Four NASA acoustic recording vans were used to monitor
overpressures at locations 63, 64, 66, and 67 on the first day of flights and
at locations 63, 64, 67, and 72 on the second day of flights. As shown in
figure 6, locations 63, 64, and 72 lay on the flight path for overhead flights
on the first day, and locations 64 and 67 lay on the overhead flight path on
the second day.

2.5 DATA ACQUISITION AT THE UINTA BASIN SEISMOLOGICAL OBSERVATORY

Three B-58 missions were flown over UBSO. The flight paths of these
missions are shown in figure 7. As was the case at TFSO, no ground-based
radar data or Rawindsonde weather data were available. These missions were
flown for the specific requirements of the seismic effects program.

The locations of the seismometers used in the experiments at UBSO are
shown in figure 7.

The mobile equipment used at EAFB and at TFSO was also used at UBSO.
Three of the seismometers forming part of the mobile equipment were placed on
a concrete pier in a sealed steel vault at a depth of about 15 meters. They
were arranged in a three-component system measuring vertical, north-south
horizontal, and east-west horizontal ground particle velocities. A Seis-
mometer, Model 18300, in a borehole pressure case was placed on the surface
of the ground some 6 meters from the three-component system. This seismometer
measured particle velocities at the surface of the ground. The fourth mobile
seismometer was placed on a pier at the bottom of a sealed vault 13.4 meters
deep measuring vertical particle velocities almost directly below the single
vertical seismometer. These locations are designated A and B and are also
shown in figure 7.

The other five seismometers were part of the normal observatory
instrumentation. Ordinarily, the observatory seismograph systems measure
ground displacements rather than ground velocities. The seismometers used
were Johnson-Matheson Seismometers, Model 6480, enclosed in sealed steel
vaults at the surface; a Model 18300 seismometer in a shallow borehole at a
depth of 76 meters, and three Model 11167 deep-hole seismometers at depths of
1190 meters, 1490 meters, and 1790 meters. These locations were designated
Zl, SZ1, and DH, respectively (see figure 7).

The seismometers at locations Z1 and SZ1 were used as velocity seismo-
graphs, their outputs being proportional to the ground particle velocities.
These data were amplified by Solid-State Amplifiers, Model 25220, and were
recorded on the tape recorder belonging to the mobile equipment. In the time
available, it was not possible to modify the three deep-hole seismographs to
have responses identical to the mobile recording equipment and to eliminate
60 Hz noise from these systems (normally, 60 Hz noise is not a problem on



these systems because this frequency is outside of the band of interest).
Therefore, it was not possible to produce outputs from these seismographs that
were proportiondal to particle velocities with sufficient sensitivity in the
range of interest for this program.

2.6 DATA ACQUISITION FOR COMPARATIVE EXPERIMENTS

To compare the magnitudes of the ground motions generated by sonic booms
to more familiar "culturally'" generated seismic noise, some other examples of
culturally-generated seismic noise were recorded. ''Cultural noise' in this
context means ground motion induced by means other than naturally occurring
phenomena (e.g., earthquakes). Typical sources of cultural noise are human
activity, motor vehicles, aircraft, heavy construction, etc.

Among the examples of cultural noise that were recorded at EAFB were
ground motions caused by a man walking toward a seismometer, an automobile
being driven past the seismometer, and the ground motion caused by the
operation of aircraft. These seismograms are discussed in section 4.8.

2.7 EFFECT OF PRESSURE VARIATIONS ON THE SEISMOMETER

Extrapolation of unpublished results of tests made by Geotech in 1965 to
determine the response of the Model 18300 seismometer to pressure variations
indicate that a sonic boom of 2 pounds per square foot overpressure would
induce a movement of the seismometer frame of less than 0.4 p/second at 10 Hz
and less than 0.2 p/second at 100 Hz. This level of pressure-induced velocity
is insignificant when compared to the ground velocities observed in this study
in the frequency range of 1 to 100 Hz. However, to eliminate this small
pressure effect, all seismometers were buried to a depth of at least 1 meter
at EAFB and 0.5 meter at TFSO and UBSO. Several tests were conducted at
EAFB in which sonic boom pressure changes (N-waves) were simultaneously
recorded by a surface microphone and a microphone buried at a depth of
1 meter. The buried microphone showed attenuation of the N-wave by a factor
of from 7 to 18 relative to the surface. We conclude that the seismograms
produced in this study represent particle velocity of the ground and show no
significant effects of the acoustic wave acting directly on the seismometer
mass.



3. GEOLOGIC PARAMETERS OF THE TEST AREAS

Data regarding the general geologic environment of each at the test areas
were obtained from reports of previous studies made by Geotech (Geotech TR 65-28;
TR 66-17), from publications by the United States Geological Survey (Dibblee,
1960; Roller, et al, 1964), and the United States Corps of Engineers (Miscel-
laneous Paper No. 4-365). In addition, seismic refraction surveys were
conducted in each of the test areas to provide information on local near-
surface seismic velocities. The geologic information was obtained for the
purpose of correlation with the flight parameter and boom-measurement data.

3.1 TOPOGRAPHY, GEOLOGY, AND SEISMIC VELOCITIES

3.1.1 Edwards Air Force Base

Edwards Air Force Base is in the west-central part of the Mojave Desert
block about midway between the bounding Garlock and San Andreas faults. It is
centered about 110 kilometers east of their junction. This block is cut by
numerous high-angle faults, most of which trend north-westward parallel to
the San Andreas fault. The rocks in the area can be grouped into three main
divisions: granite and metamorphic rocks of pre-Tertiary age; volcanic,
pyroclastic, and sedimentary rocks of Tertiary age; and alluvial sediments
of Quaternary age.

The topographic features of the area reflect the geologic structure and
the relative hardness and coherence of the many different rock strata. Hard,
weather-resistant carbonate and chert layers, dike-forming pegmatite-aplite
and quartz latite, and quartz basalt crop out as conspicuous ledges, ridges,
and hills. The granite in the northwestern quarter of the Rogers Lake
guadrangle weathers to low relief, whereas that east of northern Rogers Lake
crops out prominently to form steep-sided, jagged hills.

The sediments, chiefly clays, of the dry lake beds in the area were
deposited during the Pleistocene age and were derived from the igneous and
metamorphic rocks that form the numerous buttes and mountains in the region.
Appreciable quantities of windblown sand have accumulated as dunes along the
margins of the lake beds. The natural drainage of the Edwards environs flows
from all directions towards the Rogers, Buckhorn, and Rosamond Dry Lake low-
lands. However, most of the surface flow is absorbed in granular alluvial
deposits which form the major portion of the airbase terrain, and only
limited drainage reaches the playa lowlands except after heavy storms. There
is no surface flow out of the lake bed basins. The lake bed materials are
alluvial in origin, and in many instances have been transported considerable
distances, their deposition occurring under different environmental conditions.
The lake beds are predominately silty clays with many layers of fine, medium,
and course sand. The clay content of the lake bed materials ranges from
30 to 80 percent.



The seismic measurements at EAFB were made on a small, shallow, dry
lake less than a mile from the western edge of Rogers Dry Lake, and on an
adjacent outcrop of quartz monzonite, the same type of rock which underlies
the lake beds. The wave propagational velocities of the lake bed and the
underlying quartz monzonite were determined by a refraction survey in- which
twelve geophones were aligned in an approximately northeastern direction
across the -small lake bed. Dynamite charges were detonated at each end of
the geophone line, and arrival times of the compressional wave were recorded
by the geophones. Analysis of the refraction data indicates that: (1) the
playa clay - quartz monzonite interface is relatively horizontal and averages
a depth of 8 to 12 meters below the surface; (2) the average compressional
velocity in the clay layer is 600 meters/second; and (3) the average
compressional velocity along the top of the quartz monzonite is 2000 meters/
second.

3.1.2 Tonto Forest Seismological Observatory

The Tonto Forest Seismological Observatory is located in the Basin and
Range Province about 25 kilometers south of the southern boundary of the
Colorado Plateau. This boundary is marked by the Mogollon Rim, a 450-meter
erosional escarpment of Paleozoic and Mesozoic sediments. Either granite or
a thin sedimentary section covers the seismometer array area. The granite is
highly decomposed, and weathering extends to a depth of as much as 30 meters.
Its decomposed character supports only subdued topography, but numerous granite
and diabasic dikes of a more resistant nature support ridges trending in .an
east-west direction across the array area. The sedimentary section consists
of Cambrian and Devonian sandstones and limestones. The maximum thickness of
sediments under any seismometer site probably does not exceed 60 meters. Of
the 46 seismometer sites, 28 are situated on pre-Cambrian granite, 17 are on
a thin veneer of Paleozoic sediments, and 1 is on basalt. Weathered granite
probably exists below the sedimentary section in the northern half of the array.

Figure 6 shows the location and code designation of the seismometers of
the TFSO array which were utilized in the supersonic flights measurements
program, and also the orientation of the refraction survey line. The refrac-
tion survey showed a layer with a compressional wave velocity of 1215 meters/
second overlying a layer with a compressional wave velocity of 2860 meters/
second. The average depth to the interface is 29 meters.

3.1.3 Uinta Basin Seismological Observatory

The Uinta Basin Seismological Observatory is located on the north flank
of the Uinta Basin, a broad asymmetrical syncline trending east-west and lying
to the south of the Uinta uplift in northeastern Utah. The outcrop within the
array area consists of the Duchesne River formation, which is overlain locally
by thin Quaternary terrace deposits. The Duchesne River formation consists of
fluviatile, friable, cross-bedded sandstones.

Sonic and formation density logs made in several 60-meter holes in the
array area show the average compressional velocity along the 60 meters to be
3060 meters/second and the average density to be 2530 kilograms/meter3
(2.53 grams/cm3).



Figure 7 shows the location of the seismometers used in the measurements
program and the orientation of the refraction survey line. The results of the
survey indicate a 6-meter layer of weathered material with a velocity of
660 meters/second overlying sandstone with a velocity of 2500 meters/second.

Figure 8 is a hypothetical cross-section of the Uinta Uplift and Uinta
Basin showing the subsurface formations beneath UBSO.

3.2 DETERMINATION OF GEOLOGIC PARAMETERS

The basic technique used in the seismic refraction surveys conducted at
each location was to arrange a line of geophones separated by known distances
on the surface of the area to be studied. The orientation of the refraction
lines with respect to the seismometer positions at EAFB, TFSO, and UBSO are
shown in figures 5, 6, and 7, respectively. Data from these geophones were
amplified and filtered and were recorded photographically on an oscillograph.

A time base was supplied by an interval timing system. An explosive charge
was fired at a known distance from one end of the line of geophones, and the
instant of detonation and the arrival time of energy at each geophone was
recorded. A typical refraction record is shown in figure 9. From the arrival
time of the seismic energy at each geophone, the velocity of the compressional
wave in the medium can be calculated. In the case of layered media (see

figure 10), the higher velocity in the lower layer enables energy traveling

in this layer to arrive at the more distant geophones earlier than energy
propagated through the surface layer. Plotting arrival times against distance,
as in figure 11, resulted in two straight lines, the reciprocal of the slope
of each line giving the compressional wave velocity in each layer. Also, from
the graph it was possible to make an estimate of the depth of the surface layer.

In addition to the explosive refraction surveys, measurements at each
recording position at TFSO were made using a Seismic Timer, Dyna Metric
Model 117. The seismic timer is essentially a sledge hammer which starts a
timer when it strikes the ground. The timer is shut off when the first burst
of seismic energy reaches a geophone located at a known distance from the
point of impact. This technique gave a more detailed measure of the near-
surface velocity distribution in the immediate vicinity of each seismometer
than did the more general explosive surveys. It was desired to obtain the
shear as well as the compressional velocities in the refraction surveys, but
no accurate method of timing the arrival of the slower-moving shear wave could
be devised with the equipment available. Shear wave velocities were estimated
on the basis of published values of compressional/shear velocity ratios for
various types of rocks. A summary of the refraction results is given in
table 1, and the depths at which the seismometers were buried are shown in
table 2.
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Table 1.

Compressional wave velocities and layer depths

Edwards Air Force Base - two explosive surveys
West-east profile
Velocity in surface layer 600 meters/second (1970 ft/second)
Velocity in second layer 2000 meters/second (6567 ft/second)
Thickness of surface layer

(drilling) 10.6 meters (34.8 ft)
Thickness of surface layer _

(refraction) 7.8 meters (25.6 ft)
East-west profile
Velocity in surface layer 532 meters/second (1740 ft/second)
Velocity in second layer 1986 meters/second (6515 ft/second)
Thickness of surface layer 6.4 meters (21 ft)
Tonto Forest Seismological Observatory - one explosive survey
Velocity in upper layer 1215 meters/second (3980 ft/second)
Velocity in second layer 2860 meters/second (9380 ft/second)
Thickness of surface layer 29 meters (95 ft)
Hammer surveys
Location 63
Velocity in surface layer 268 meters/second (910 ft/second)
Velocity in second layer 1001 meters/second (3300 ft/second)
Thickness of surface layer 1.07 meters (3.5 ft)
Location 64
Velocity in surface layer 235 meters/second (770 ft/second)
Velocity in second layer 763 meters/second (2500 ft/second)
Thickness of surface layer 0.82 meters (2.7 ft)
Location 66
Velocity in surface layer 235 meters/second (770 ft/second)
Velocity in second layer 830 meters/second (2710 ft/second)
Thickness of surface layer 1.46 meters (4.8 ft)
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Table 1. Compressional wave velocies and layer depths, Continued

Location 67

Velocity in surface layer 183 meters/second
Velocity in second layer 548 meters/second
Velocity in third layer 1020 meters/second
Thickness of surface layer 0.43 meters
Thickness of second layer 2.92 meters

Location 72

Velocity in surface layer 191 meters/second
Velocity in second layer 731 meters/second
Thickness of surface layer 1.58 meters

(600 ft/second)
(1800 ft/second)
(3340 ft/second)
(1.4 £t)
(9.6 ft)

(625 ft/second)
(2400 ft/second)
(5.2 ft)

Uinta Basin Seismological Observatory - two explosive surveys

Location 1

Velocity in surface layer 660 meters/second (2000 ft/second)
Velocity in second layer 2500 meters/second (8440 ft/second)
Thickness of surface layer 6.0 meters (19.7 ft)

Location 2

Velocity in surface layer Not determined

Velocity in second layer 3430 meters/second (11220 ft/second)
Thickness of surface layer Not determined



Table 2. Seismometer depths and site altitudes

A. Seismometer depths (to seismometer bottom)

1. Edwards Air Force Base

Location 1 - three component 1.1 meters (3.6 ft)
Location 1 - pressurized case 0.89 meters (2.92 ft)*
' : seis 1.37 meters (4.5 ft)

.2 meters (4 ft)
.1 meters (3.6 ft)
.1 meters (6.9 ft)

Location 4 - vertical
Location 4R - vertical
Location 5 - vertical

N

2. Tonto Forest Seismological Observatory

Location 1 - vertical 0.76 meters (2.5 ft)
Location 2 - vertical 1.07 meters (3.5 ft)
Location 3 - vertical 1.07 meters (3.5 ft)
Location 4 - vertical 0.76 meters (2.5 ft)
Location 5 - vertical 0.91 meters (5.0 ft)
Location 63 - vertical 1.37 meters (4.5 ft)
Location 64 - vertical 1.13 meters (3.7 ft)
Location 66 - vertical 1.52 meters (5.0 ft)
Location 67 - vertical 2.14 meters (7.0 ft)
Location 72 - vertical 1.68 meters (5.5 ft)

3. Uinta Basin Seismological Observatory

Location 1 - three-component 1.2 meters (4 ft)
Location 2 - vertical 13.4 meters (44 ft)
Location Z1 2 meters (6.5 ft)
Location SZ1 76.2 meters (250 ft)
Location DH6 1109 meters (3900 ft)
Location DH5 1495 meters (4900 ft)
Location DH4 1790 meters (5900 ft)

B. Site altitudes above mean sea level (msl)

EAFB 722 meters (2375 ft)
TFSO 1492 meters (4894 ft)
UBSO 1600 meters (5248 ft)

*To top of case



4. ANALYSIS AND INTERPRETATION OF EXPERIMENTAL DATA

4.1 GENERAL

Interpretation of the sonic boom field data was focused upon the
characteristics of the seismic signature, values of the vertical peak ground
particle velocities, and upon the manner in which these parameters vary with
flight conditions, geologic location, and weather. In addition, several more
specialized problems were considered, including the attenuation of particle
velocity with depth, the frequency content of the seismogram, focusing of
seismic energy due to the hyperbolic intersection of the shock cone and the
ground, and the propagation of seismic energy outside of the sonic boom
pressure envelope.

4.2 EXPERIMENTAL DATA PROVIDED BY NASA FOR THE SEISMIC EFFECTS PROGRAM

Geotech was responsible only for the seismic measurements at EAFB,
TFSO, and UBSO. Other experimental data which were required for the seismic
effects program were collected by various other government agencies and/or
contractors of the USAF and NASA. The NASA Langley Research Center (LRC)
provided the seismic effects program with the following data for as many
missions as possible:

a. Pressure signature, the peak positive and peak negative over-
pressure, the rise time to the peak positive overpressure, and the period
of the N-wave;

b. Aircraft speed, heading, altitude;
c. Meteorological data.

In addition, USAF personnel from EAFB surveyed the seismometer locations
at EAFB.

4.3 METHODS OF MEASUREMENT AND CLASSIFICATION OF SEISMOGRAMS

A hypothetical seismogram is shown in figure 12. It is a representation
of the ground particle velocity at a point which is subjected to the 'typical"
N-wave, and is typical of the seismic waveforms observed. The various charac-
teristics of the seismogram which were measured in this study are identified
in this figure. These measurements and all available related pressure and
radar data pertaining to each flight were coded on punched cards, and the
empirical relationships between the various parameters were obtained by
machine processing.

It was possible to categorize the bow and stern halves of each seismo-
gram into 1 of 10 groups in a manner similar to that used by NASA LRC for the
pressure N-wave data. Examples of the wave shapes in each seismic classifi-
cation are shown in figure 13. Correlation of the seismic and pressure
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classifications produced no consistent relationships. That is, a particular
class of N-wave does not produce a particular class of seismic waveform.
However, the seismic classification can be correlated with seismometer
location.

Positions 1 and 4 on the lake bed at EAFB produce class 1 waveforms,
and position 5 on the quartz monzonite outcrop usually produces class 2
waveforms.

4.4 SEISMOGRAM CHARACTERISTICS

Over 1000 individual seismograms were recorded at 20 different sites.
Although the seismic signatures varied considerably from site to site, and
to a lesser extent from mission to mission, all of the records possessed some
characteristics in common.

Each seismogram recorded under the sonic boom pressure envelope is
characterized by two relatively large downward particle velocities, which are
caused by the rapid pressure changes associated with the leading and trailing
edges of the N-wave. 1In almost every case, these downward peaks on the
vertical component constitute the maximum particle velocities observed at a
location for a given overflight. The time interval between these maximum
trace excursions is equal to the period of the N-wave, which in turn varies
primarily with aircraft type, altitude, and speed.

Figure 14 is a seismogram recorded on a well-consolidated rock outcrop
(position 5, figure 5) at EAFB. It is representative of a large number of
seismograms which are almost devoid of features other than the two large
downward peaks. Other seismograms, especially those recorded on the dry lake
bed at EAFB, have oscillations of several different frequencies following
each maximum.

Figure 15 is a vertical seismogram recorded on the lake bed showing 80 Hz
sinusoidal oscillations following each of the large downward peaks. Figure 16
was recorded at a different position on the lake bed and shows 9 Hz oscillations
and 80 Hz oscillations following the peaks. Seismograms recorded at TFSO and
UBSO also vary with location, as shown in figure 17, but they tend to resemble
the seismograms recorded on the well-consolidated rock (position 5) at EAFB in
that they are characterized by the bow and stern peaks and show little addition
of sinusoidal oscillations.

Figure 18 is a high-sensitivity velocity seismogram in which it is
possible to see a precursor to the maximum velocities. The particle velocity
associated with the precursor is commonly 5-10 u/second, which is only a
fraction of the maximum velocity, and which cannot be seen on seismograms
recorded at an operational sensitivity at which the maximum particle velocity
did not exceed the dynamic range of the recording system. Nevertheless, the
precursor,which is a wave propagated from a previous location of the pressure
disturbance,is apparently always present where the compressional velocity of
the ground is greater than the aircraft speed.
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The horizontal components of particle motion usually exhibit a maximum
velocity a few cycles after the initial movement. Figure 19 is a typical
three-component seismogram recorded on the lake bed. The radial component
commonly shows greater particle velocity than the transverse but less than
the vertical.

4.5 EFFECTS OF FLIGHT CONDITIONS, GEOLOGICAL LOCATION, AND WEATHER ON THE
SEISMIC SIGNATURE AND ON PEAK PARTICLE VELOCITIES

4.5.1 Effect of Seismometer Location on the Seismic Signature

The particular location of the seismometer has an important effect on
the seismic signature, as can be seen in figure 20, in which very similar
N-waves produce distinctively different seismic waveforms at each of five
locations. This effect is primarily due to the variation of the elastic
parameters of the earth, mainly the shear wave velocity and the near-surface
layering of the rock or soil in the immediate vicinity of the seismometer.
The local nature of the seismometer location effect can be seen by noting
the difference between the seismograms shown in figures 15 and 16, both of
which were recorded on the dry lake bed at EAFB but at locations about
250 meters apart. An explanation for the particular variations of seismic
waveforms observed at EAFB is given in sections 5.2 and 5.3.

4.5.2 Effect of Aircraft Type on the Seismic Signature

The effect of aircraft size and configuration on the seismic signature
is indirect in that the aircraft geometry affects the N-wave characteristics,
which in turn influence the particle velocity signature. Figure 21 shows
vertical velocity seismograms produced by N-waves generated by four different
types of aircraft - F-104, B-58, XB-70, and SR-71. These seismograms were
recorded on a well-consolidated rock outcrop (position 5) at EAFB. Figure 22
shows seismograms for the same four types of aircraft, recorded on the lake
bed (position 1) at EAFB. The primary difference between the seismograms at
a given location is the time interval between the maxima, which corresponds
directly to the different periods of the N-waves.

4.5.3 Effect of Seismometer Location and Aircraft Type on Peak Particle
Velocity

Figures 23 through 41 show the empirical relationship between peak
positive overpressure and peak ground particle velocity as a function of
aircraft type and seismometer locations. The lines drawn through the data
points are constrained to pass through the origin, and they minimize the sum
of the squares of the perpendicular distances from the points to the line.
If the variance of the acoustical measurements is about the same as the
variance of the seismic measurements, the lines are the maximum likelihood
estimators.
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Several conclusions may be drawn from these relations:

a. Reference to the geologies of the EAFB seismometer locations
given in table 1 indicates that a given maximum positive overpressure produces
greater maximum particle velocities for locations on loosely-consolidated,
low-velocity material than on hard, higher-velocity material.

b. The peak particle velocity appears to be linearly related to
maximum overpressure. Each pound per square foot of overpressure produces
about 100 p/second peak particle velocity on loosely-consolidated rock and
about 75 u/second on well-consolidated rock.

c. For a given maximum overpressure, the aircraft type is not
significant in determining the maximum particle velocity.

d. For a given overpressure, maximum particle velocities in a
direction radial to the flight track of the aircraft are less than those in
a vertical direction and greater than those in a direction transverse to the
flight track.

Too few flights were made at TFSO and UBSO to estimate the true over-
pressure - particle velocity relationship. However, figures 40 and 41 give
the empirical relationship for the flights available. The lines drawn through
these points have little statistical significance because of the small number
of data points upon which they are based.

4.5.4 Effect of Aircraft Altitude on Peak Particle Velocity

Maximum particle velocity is a function of aircraft altitude only through
the relationship of altitude to maximum overpressure. That is, for a given
overpressure, the maximum particle velocity is independent of the aircraft
altitude. However, the indirect relationship of maximum particle velocity to
aircraft altitude is of some interest and 1s given in figure 42 for the F-104
and B-58. The data points show considerable scatter, and no extrapolation
beyond the altitude range of the observed data should be attempted. The
relationship of altitude to peak particle velocity for the XB-70 is not given
because the XB-70 flew at only two altitudes during the tests (~37,000 feet
and ~60,000 feet). It might be noted, however, that the XB-70 at 60,000 feet
produced about the same peak particle velocity as a B-58 at 40,000 feet and
an F-104 at 20,000 feet.

4.5.5 Effect of Aircraft Speed on Peak Particle Velocity

No relationship could be observed between aircraft velocity in the super-
sonic range and peak particle velocities. Theoretically, the overpressure
should be affected very little by changes in the aircraft speed above Mach 1.3,
and since peak particle velocities are seen to vary with overpressure, no
relationship should be expected. Aircraft velocity was important, however,
in certain cases where there was a matching with the seismic velocity of
Rayleigh waves. This phenomenon will be discussed in section 5, although it
might be noted here that in no case did velocity-coupled Rayleigh waves
constitute the maximum particle velocity of a seismogram.
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4.5.6 Effect of Meteorological Conditions on Peak Particle Velocity

Variations in temperature, relative humidity, and wind velocity were
not observed to affect the maximum particle velocity directly, although the
effect of such variations on the overpressure was reflected in ground velocity.

4.6 FOCUSING

Because the sonic boom shock cone intersects the ground in a hyperbolic
arc, and because seismic waves would be expected to travel backward from the
source arc, as well as forward, there exists the possibility of seismic waves
arriving in phase from the two arms of the hyperbolic source with a resultant
reinforcement of seismic energy. One of the objectives of the seismic experi-
ments at TFSO was to evaluate possible focusing effects. Five seismometers
numbered 1-5 and arranged in a circle of 1 km radius, as shown in figure 6,
were utilized for this purpose. The aircraft flew as nearly over the center
of the circle as possible with the idea that the traveling focus, if it exists,
would pass through the circle and be recorded by one or more of the seismometers.
No evidence of focusing was obtained from this experiment. It seems likely
that inhomogeneities in the ground make it impossible for seismic waves to
travel several kilometers over different paths and arrive exactly in phase.
Also, as noted in section 4.4, the particle velocities associated with propa-
gating waves such as the precursor are only a few microns per second and even
a doubling of this particle velocity, which focusing could theoretically
produce, would be insignificant when compared to the particle velocities
associated with direct passage of the N-wave.

4.7 ATTENUATION OF GROUND PARTICLE VELOCITY WITH DEPTH

The primary purpose of the overflights at UBSO was to study the attenua-
tion of the sonic boom induced ground motion with depth. As was explained in
section 2.5, it proved to be impossible to record ground velocity data from
the three seismometers in the deep well, largely because of the high amplitude
60 Hz noise present in the area.

It was possible to record some low quality data from a Seismometer,

Model 18300, which was placed on a concrete pier in a sealed steel vault at a
depth of 13.4 meters (44 feet). This seismometer was almost directly beneath
a similar seismometer in a pressurized case which was placed at the ground
surface. The comparative seismograms produced by each seismometer for mission
Uinta 3 are shown in figure 43. There was an attenuation of the peak particle
velocity by a factor of about 75 at a depth of 13.4 meters, relative to the
surface. The seismic effects of the sonic boom are dpparently near-surface
phenomena.
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4.8 COMPARISON OF SEISMOGRAMS RESULTING FROM CULTURALLY-PRODUCED NOISE AND
SEISMOGRAMS RESULTING FROM SONIC BOOMS

It is' of some interest to compare the velocities and frequencies of
boom-induced ground motion to the velocities and frequencies associated with
ground motion due to various types of cultural noise.

Seismograms of noise produced by five different cultural sources were

" recorded at EAFB. These were the passage of an automobile, a man walking,

an XB-70 taking off, an F-104 in 'touch-and-go" operations, and a low-flying,
subsonic F-111 aircraft.

Figure 44 shows the maximum particle velocity and the associated frequency
observed for each source type. Analogous information for several sonic booms
is included for comparison. Figures 45 and 46 show seismograms recorded for
two non-boom sources.

The maximum particle velocities associated with sonic booms are several
times larger than those of any of the non-boom sources monitored. However,
had the non-boom disturbances been recorded closer to their source, they would
have probably produced greater particle velocities than did the sonic booms.

In general, the sonic booms produced seismograms with more energy
concentrated at the lower frequencies than did the non-boom sources, although
in no case did the maximum particle velocity of the sonic boom seismogram
occur at these low frequencies.

4.9 FREQUENCY SPECTRA OF VELOCITY SEISMOGRAMS

The power spectra of velocity seismograms recorded at several different
locations for various types of aircraft and flight conditions were digitally
computed.

The samples were digitized at a rate of 1000 samples per second, which
gave adequate resolution of the high frequencies. All dc offsets were removed
from the digitized data, and the seismograms were normalized to the maximum.
Each seismogram was digitally represented by 3050 samples, or just over
3 seconds.

The smoothed spectral estimates of the seismograms were produced using
a CDC 3100 computer. The technique was based on the method of Blackman and
Tukey (1958).

Figures 47, 48, and 49 show the amplitude power spectra of seismograms
recorded at the same location (position 4) at EAFB for different shaped
N-waves. Each of the three spectra show predominant peaks at about 80 Hz,

a frequency which is characteristic of seismograms recorded at position 4, even
though there is relatively little power in any of the N-wave spectra at that
frequency.
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Figures 50, 51, and 52 show the great variation of the power spectra
with geology for the same pressure input.

The seismic spectra depend both on the shape of the N-wave and the
response characteristics of the ground with the latter apparently having the
greater influence.

4.10 PROPAGATION OF SEISMIC ENERGY OUTSIDE THE BOOM PRESSURE ENVELOPE

Two flights (Tonto 3 and Tonto 7) at TFSO were made at lateral distances
of 20 miles from the seismic detectors. These flights were made by B-58's
flying at Mach 1.65 at about 48,000 feet. The maximum particle velocity
recorded for the flights was 9 microns per second. This is about 1/6 the
maximum particle velocities observed at the same locations for a B-58 flying
approximately overhead at the same altitude and speed (Tonto 1). On this
basis, it appears that significant seismic energy will not propagate outside
the boom pressure envelope.

4.11 COMPARISON OF MAXIMUM PARTICLE VELOCITIES WITH DAMAGE CRITERIA

The earth particle velocities measured in this study were found to be
approximately linearly related to overpressure. The maximum particle velocities
measured, which did not exceed 600 u/second, were in response to overpressures
of between 5 and 6 1b/ft2. Although it is not the purpose of this study to
determine whether measured particle velocities are potentially damaging, it
is interesting to compare the value of 600 n/second with currently acceptable
damage criteria.

It is the recommendation of the United States Bureau of Mines (W. I.
Duvall and D. E. Fogelson, 1962; and personal communication with W. I. Duvall,
1967) that vibration levels in the vicinity of residential structures should
be maintained below a peak particle velocity of 2 inches per second (50,800
u/second). On this basis, the maximum particle velocities observed in this
study, which were in response to large overpressures acting on relatively
loose material (lake bed), reached about 1.2 percent of the damage threshold.

Several states and agencies have adopted slightly different damage
criteria, some of which are based on the '"energy ratio,'" a concept conceived
by F. J. Crandell (Crandell, 1949). C(Crandell defined the energy ratio as the
acceleration squared, divided by the frequency squared, where the acceleration
is expressed in units of feet per second squared and the frequency in units
of hertz. Energy ratios below 3, which is equivalent to a particle velocity
of 76,200 u/second, were considered safe by Crandell. The states of New
Jersey and Massachusetts have specified an energy ratio of 1 (48,514 u/second)
as the allowable limit. A damage criterion based on an energy ratio of 1 was
also specified by the U. S. Corps of Engineers and the New York State Power
Authority. The peak particle velocities observed in this study were well
below all these levels.
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5. THEORETICAL STUDIES

5.1 GENERAL

In addition to providing information for the empirical relationships
between flight parameters and particle velocities, a primary purpose of the
seismic monitoring program at EAFB was to provide a physical. _explanation for
the observed seismic signatures and to develop a method to determine the
maximum particle velocities to be expected from a given N-wave at a particular.
geological location.

As discussed previously, the great majority of the seismograms recorded
at EAFB were made at two separate positions on the clay lake-bed and at a
position on a quartz monzonite outcrop. The sonic boom seismic signature was
found to depend strongly on the location at which it was recorded. Figure 53
shows that each of the three locations furnish distinctive waveforms for the
same flight. The two predominant downward particle velocities which almost
entirely constitute the rather simple seismogram recorded on the well-
consolidated quartz monzonite outcrop (figure 53a) are due to the vertical
forces exerted by the two compressions of the N-wave. These downward peaks
may be considered to be an elastic deformation of the surface of the ground
due to the locally-applied pressure load rather than to a seismically-
propagated wave, since the motion was detected almost at the point of appli-
‘cation of the force and almost simultaneous with the application of the force.
The two peak-downward particle velocities also dominate the seismograms
recorded at positions 1 and 4 (figures 53b and 53c) on the dry lake-bed, but
recordings made at these positions present a more complicated signature.
Data recorded at position 1 consistently exhibit the superposition of a
high-frequency (~80 Hz) oscillation, and data recorded at position 4 show the
addition of this high frequency plus a lower frequency (5 to 10 Hz).

Section 5.2 offers an explanation of the presence of these sinusoidal
oscillations,and a theoretical technique for the estimation of the peak
particle velocities is presented in section 5.3.

5.2 VELOCITY COUPLING

It has been shown (Press and Oliver, 1956; Press and Ewing, 195la and
1951b) that velocity-coupled Rayleigh waves can and often do exist in a
layered earth after an explosion in the air. This type of wave results from
the coupling of energy into the earth from the air wave propagating outward
from the point of explosion. It has been observed only when the phase
velocity of the dispersive Rayleigh wave is equal at some frequency, to the
velocity of sound in air. Since Rayleigh waves in a layered medium can exist
over a range of velocity values, the condition for resonant coupling is not
too difficult to satisfy. When this condition is met, the resulting seismic
wave will have a phase velocity equal to the velocity of the traveling
disturbance, regardless of whether the disturbance is an air wave moving at
the speed of sound or is an N-wave moving at supersonic speed. The coupled
wave will have a constant frequency equal to that frequency at which the
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dispersive wave.travels with the velocity of the traveling disturbance. Some
of the seismograms, especially those recorded at position 4 on the dry lake
bed (e.g., figure 16), show damped sinusoidal oscillations of two distinct
frequencies (~78 Hz and ~9 Hz in this particular instance) following each of
the two large downward pulses. These frequencies, although constant for a
particular seismogram, were observed to vary for missions involving different
aircraft speed. Particle motion analysis from a three-component seismograph
system indicates that the motion for the lower frequency sinusoid is retrograde
elliptical - a Rayleigh wave. Particle motion analyses for the higher fre-
quency sinusoid are inconclusive. The observed frequencies were plotted
against the aircraft ground speed, which is equal to the speed of the
traveling pressure disturbance, in an effort to substantiate the hypothesis
that energy in this frequency range is velocity-coupled Rayleigh energy.

This was done for seismograms recorded at position 4 on the lake bed. By
utilizing the compressional wave velocity determined from the refraction survey
conducted at EAFB, and estimating the value of Poisson's ratio as 0.4, which
is a reasonable but critical assumption, the theoretical Rayleigh wave
dispersion curve for the lake bed was computed. This relation gives phase
velocity as a function of frequency (or period) for Rayleigh waves traveling
through the idealized dry lake model. Figure 54 shows good agreement between
the superposed plots of the aircraft velocity - observed period curves for
position 4 and the theoretical fundamental mode Rayleigh dispersion curve.
Figure 54 also shows that the observed higher-frequency sinusoids lie along
the theoretically-predicted curve for a higher-mode Rayleigh wave, and
indicates that the high-frequency oscillations could be a velocity-coupled,
higher-mode Rayleigh wave. However, this interpretation is considered to be
questionable because of the absence of oscillations corresponding to inter-
mediate modes, such as the first higher mode. An alternative suggestion is
that these oscillations result from constructively interfering reflections

of compressional waves between the free surface and the clay-quartz monzonite
interface. It has been shown (Gupta, 1966) that compressional waves normally
incident on a one-layer model will result in maximum amplitudes for frequencies
of:

£ = (2m-1)V
4H

where V = compressional velocity in the layer

= thickness of the layer

m = 1, 2, 3

On this basis,
(2m-1) 600 m/sec
4 x 78 Hz
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and m=1 H = 2 meters
m= 2 H = 6 meters
m=23 H = 10 meters
m= 4 H = 14 meters

That is, the oscillations at a frequency of about 80 Hz could be
explained by the presence of a pronounced velocity discontinuity (layer
boundary) at a depth of any of the values of H. The refraction survey indi-
cates that a velocity discontinuity is present at a depth of 10 meters,
corresponding to m = 3. Thus, the clay-quartz monzonite boundary could
account for the 80 Hz oscillations.

Although the gross geological features of positions 1 and 4 are almost
identical, the seismograms recorded at position 1 show a much poorer develop-
ment of the coupled Rayleigh wave than is seen at position 4. The difference
in the seismograms recorded at the two lake-bed positions indicates that the
velocity coupling is a local phenomenon, and apparently the variability of
the thin layers in the clay around position 1 is sufficient to inhibit the
formation of well-defined coupled waves. Figure 14 shows the poor development
of velocity-coupled waves at position 5 on a quartz monzonite outcrop. The
seismometer was positioned on unweathered rock, although it was covered by
weathered material. The compressional velocity of the unweathered quartz
monzonite where it underlies the lake bed is approximately 2000 meters/second
(~Mach 5.5), which is too high for efficient velocity coupling. None of the
recording positions occupied at TFSO and UBSO show evidence of velocity
coupling. The refraction surveys and well velocity logs show the average
velocities of the near-surface rock to be too high for coupling to exist from
the flights made over these locations.

5.3 PREDICTION OF SEISMOGRAMS AND MAXIMUM PARTICLE VELOCITIES

5.3.1 Discussion

It can be seen from the examples of seismograms shown that the maximum
velocities of the sonic boom seismic signature are not associated with the
energy contained in the velocity-coupled waves or with the energy attributed
to the reflected compressional waves. The maximum velocities were the two
pronounced downward velocities which result from the direct passage of the
leading and trailing edges of the N-wave.

This section will show that an elastostatic approximation of the action
of an N-wave pressure distribution on an idealized model of the lake bed can
account for these two pronounced downward motions and the general overall
shape of the seismic signature.
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5.3.2 Assumptions

It will be assumed that at EAFB, the lake bed area in the vicinity of the
seismometer is a homogeneous, elastic half-space. This idealizes the physical
situation to an extent that is, in general, invalid for geologic environments;
however, the unusual nature of the dry lake bed at least approximately fulfills
the assumptions for the following reasons:

a. The surface of the lake bed, covering over 300,000 square
meters, has essentially no relief;

b. The lake bed material, although composed of both sand and
clay particles, appears to be relative homogeneous to the depth of burial of
the seismometers in the sense of uniformity of compaction and absence of
layering.

5.3.3 Deformation of a Half-Space

Boussinesq (1885) has given a solution for the state of deformation
present in an elastic half-space whose plane boundary, described by the
Xj-X, plane, is under the action of a concentrated normal force, the direction
of the force being in the positive (downward) X; direction. Love (1927)
expanded the solution to include the action of a distributed normal load.

The procedure for determining the deformation of a half-space by a
concentrated force and ultimately a distributed pressure load may be sum-
marized as follows:l

a. The equations of equilibrium and the stress-strain relations
for a homogeneous, isotropic, elastic solid are expressed in terms of displace-
ments. The result is a system of differential equations known as Navier's
equations.

b. Kelvin (1848) gives a particular solution to Navier's equations
for the conditions of a concentrated force acting downward at the origin along
the xz-axis within an elastic solid. The normal stresses for this solution
are seen to vanish everywhere on the plane x3=0 except at the origin; the
shear stresses do not vanish upon this plane.

c. Kelvin's solution can be used in conjunction with the
principle of superposition to obtain another solution. The stress distribution
in the body is determined for a center of compression (equal and opposite forces
acting along the three coordinate directions) at the origin. It is then
assumed that centers of compression are located all along the negative x.,-axis,
and the stress distribution for this condition is determined by integrating the
result for single centers along the xz-axis from 0 to -». It is found for this
solution also that the normal stresses vanish in the plane xz=0, except for a
concentrated force at the origin, and that the shear stresses do not vanish on
this plane.

lgee appendix B for the complete derivation
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d. By combining the two solutions with a suitable adjustment of
the two constants involved, it is possible to obtain a stress distribution
such that the plane X_,=0 is free from both shear and normal stresses and a
concentrated force ac%s on the origin. These are the conditions for a con-
centrated force acting on a half-space.

e. The solution for the concentrated force can be generalized to
yield displacements produced by a suitably restricted continuous distribution
of normal loads, giving

u, = szl./:/ p(g,n)dedn H p(£,n)dgdn
4ty ' - r3 4ﬂ(A+u)

r(r+x )

XzXp . p(g,n)dedn _ X, r p(g,n)d&dn 2
u = -
2 4y ff 3 4w (A+u) f/ T (r+X3)
2 * +o0
. = X3 /]p(ﬁ,n)dgdn A+2u f/‘ p(E,n)d&dn
3 - * -
dmp r3 dru (A+p) T
—co
where U;,Up,Uzg are the displacements in the X1,%X,,Xz directions,
respectively
p(&,n) is the distributed normal load acting at the point
(£,n) of the X;=0 plane
X1,%X5,x3 is the p01nt at which the displacements are computed
AU are the Lame' elastic constants
2
and ro= (-0 e - P e xl
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These integrals are difficult to evaluate unless the nature of the load
p(g,n)and the area over which it acts are simplified. A discrete approximation
of the spatial distribution of the N-wave at a given instant of time was sub-
stituted for the continuous load, p (&,n). Each N-wave was considered to have
a straight leading edge (rather than a hyperbolic edge) because only the portion
of the load within a few hundred feet of a given point contributes significantly
to the displacement at that point. Over this small a distance, the curvature
of the wave front is insignificant. Utilizing information supplied from pres-
sure measurements of N-wave rise times, wave lengths, and maximum overpressures,
N-waves for selected flights were modeled as aggregates of discrete forces per
each square meter, and equations (2) were considered as summations over all
square meters of the loaded area. Equations (2) are then written:

_ Xlx3§ :2 : p(&,n) X p(E,n)
ul - — - — R
4y r3 ZZ
E £ n

4w (a+p) T (r+Xs)

p(&,n)
- ZZ 9
4w(x+u) r(r+Xz)

n

where p (g£,n) is the discrete load on a square meter, the center of which is
at (£,n). The displacements were determined as a discrete function of time
by allowing the modeled N-wave to assume varying positions relative to the
observation point, the positions being based on the aircraft speed and
direction supplied from radar tracking data. These functions were numeri-
cally differentiated to give theoretical velocity seismograms.

26



6. COMPARISON OF FIELD RECORDINGS AND
THEORETICALLY-PREDICTED VALUES

Ten missions were selected for comparison of the seismograms recorded
at EAFB and TFSO with theoretical seismograms computed from the geologic
models and the characteristics of recorded N-waves. The ten missions used
were selected because they represent several different types of aircraft
and a wide range of maximum overpressures.

Table 3 gives the pertinent information for the missions considered.
Figure 55 shows that the observed and theoretically predicted (usually maxi-
mum) velocities for each of the missions selected agree well with each other.
Figures 56 through 64 show the observed seismograms superposed on theoreti-
cally predicted seismograms for a vertical seismograph located on the lake
bed for 9 of the 10 missions. The basic seismic signature is well described
by the theory, although many secondary features including the air-coupled
waves and reflections are not. The theoretical results are valid for the
lake bed positions (1 and 4). To test the value of the theoretical predictions
for a geological environment which does not satisfy the conditions of a half-
space as well as the lake bed, a theoretical seismogram was calculated for
mission TONTO 2 at seismometer position Z-67 at the Tonto Forest Observatory.
Table 1 shows the Z-67 environs to be layered. A thin layer (0.43 meters)
with velocity 183 meters/second overlies a second layer (2.92 meters thick)
with velocity 548 meters/second. The seismometer was buried to a depth of
2.1 meters, near the middle of the second layer. The velocity in the second
layer was used in modeling the properties of the half-space. Figure 65 shows
the comparison of the theoretical and observed seismograms obtained for
mission TONTO 2 at position Z-67 at the Tonto Forest Observatory. Surprisingly
close agreement is seen between the theoretical and observed maximum velocities,
although correspondence between the wave forms of the two velocity seismograms
is not as good as the correspondence between theoretical and observed seis-
mograms from the lake bed at EAFB.
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Table 3. Data for missions used in comparison of theoretical and observed seismograms

AIRCRAFT GEQLOGY
Rise Esti-
Max. Period time Seismo-  Compres- mated
over- of of meter sional shear
Altitude pressure N-wave  N-wave depth velocity velocity Density
Mission Type Mach (K ft) (lb/ftz) (sec) (sec) (m) (m/sec) (m/sec) (Gm/cm3)
1-1 XB~70 1.5 37.2 2.61 .224 .002 1.1 600 245 2.00
75-1 F-104 1.5 49.6 .92 .103 .008 1.1 600 245 2.00
86-1 B-58 1.64 36.1 1.86 .159 .007 1.1 600 245 2.00
85-1 B-58 1.63 36.0 2.22 .161 .007 1.1 600 245 2.00
117-1 F-104 1.65 26.4 1.48 .075 .002 1.1 600 245 2.00
79-1 F-104 1.5 50.4 .49 .112 .008 1.1 600 245 2.00
122-1 B-58 1.65 48.6 1.20 .182 .009 1.1 600 245 2.00
117-2 B-58 1.65 48.0 1.48 .194 .007 1.1 600 245 2.00
61-1 F-104 1.65 29.6 1.25 .077 .002 1.1 600 245 2.00

Tonto 2 B-58 1.65 48.0 1.08 .176 .020 2.1 548 293 2.00



7. CONCLUSIONS

We conclude the following from the results of this study:

a. The maximum ground particle velocity produced by a sonic boom
is linearly related to the maximum overpressure of the boom, in the range
of overpressures between 0.5 and 5.0 pounds per square foot. Experimental
results indicate that each pound per square foot of overpressure produces
about 100 u/sec peak particle veloc1ty on low-density rock and about 75 u/sec
on high-density rock.

b. A theoretical estimation technique based on the elastostatic
deformation of a half space gives good agreement with experimental results
for the peak particle velocities resulting from a given N-wave acting on a
particular geology.

c. The damage potential of the peak particle velocities produced
by sonic booms is well below the damage thresholds accepted by the United
States Bureau of Mines and other agencies.

d. Peak particle velocities recorded on the lateral edge of the
sonic boom pressure envelope are attenuated by a factor of about 6 relative
to peak particle velocities observed under the aircraft.

e. Focusing of seismic energy due to backward propagation from
the hyperbolic intersection of the shock cone and the ground was not observed.

f. Peak particle velocities recorded at a depth of 44 feet were
attenuated by a factor of 75 relative to those recorded at the surface.

g. Good evidence for the existence of velocity-coupled Rayleigh
waves was found for one recording station., These waves did not produce the
maximum particle velocity associated with the boom. The lateral uniformity
of near-surface layering and velocity distribution necessary for such waves
to build up sufficiently to constitute a menace to structures seems unlikely,
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8. RECOMMENDATIONS

8.1 Theoretical results indicate that the peak particle velocity is
not only linearly related to maximum overpressure, but is also related, in a
more complicated manner, to the N-wave rise time and wave length. No quanti-
tative investigation of the effect of these parameters was made in this study,
but some preliminary results indicate that a decrease in rise time, for a
given maximum overpressure, might significantly reduce the peak particle
velocity, although not necessarily reducing the maximum displacement. Because
the damage potential of wibrations is more closely related to particle velocity
than to displacement further investigation of the roles of N-wave rise time
and N-wave period in peak particle velocity might be worthwhile.

8.2 Theoretical results indicate that knowledge of the seismic shear
wave velocity, as well as the seismic compressional wave velocity, is needed
for accurate theoretical predictions of maximum particle velocities. Although
reasonable estimates of the seismic shear velocity can be made through knowledge
of the compressional velocities used in conjunction with published values of
compressional/shear velocity ratios obtained by laboratory studies of various
materials, as was done in this study, the theoretical estimation technique
developed should ideally be verified by using experimentally-determined values
of in situ shear velocities. The measurement of shear velocities presents a
serious problem because previously-arriving compressional waves disturb the
record; however, recent investigations (Whitcomb, 1966) indicate promise for
a method utilizing angular accelerometers as transducers. The application of
such a technique and the use of measured shear velocities should be utilized
to rigorously determine the accuracy of the estimation technique over a wide
range of shear velocities.

8.3 Peak particle velocities produced by sonic booms depend greatly
on geologic conditions in the immediate vicinity of the point of observation.
It would therefore be valuable to build a catalog of seismic measurements of
sonic booms for a wide variety of local environments. If a shear velocity
measurement technique could be developed, and the accuracy of the theoretical
estimation technique verified, as recommended in section 8.2, the catalog of
sonic boom measurements could be replaced by a catalog of equally-valuable but
much more easily-obtained shear velocity measurements. Catalogs of these types
should be valuable in estimating ground motions resulting from N-waves
"after-the-fact" (for example, substantiating or repudiating structural damage
claims related to sonic boom induced seismic energy).
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APPENDIX A

MISSIONS MONITORED IN THE SEISMIC EFFECTS STUDY

DATE
31 0CT. 66

03 NOV 66

04 NOV 66

08 NOV 66

MISSION.

17-1
17-2
18-1
‘18=2
19-1
19-2
20-1
20-2
13-1
13-2
13-3
SR1
SR2
8k1
8K2
8K3
BK4
8KS
21-1
22-1
24=1
25-1
26-1
27=-2
28-2
29-2

AIRCRAFT
F104
RS8
B58
F104
F104
R58
BS8
F104
R58
XB70
F104
SR71
SR71
F104
F104
F104
F104
F104
R58
RS8
B58
B58
B58
BS8
B58

R53

MACH NO.
1.6
1.61
157
1.61

ALTITUDE
31,
48,6
47.3
31.0
30.5
38.9
43.9
31.0
35.
60.0

20.0

304
30.2
20,7
32.6
32.8
474

47.5
4747
46.8
4749
474
4840

47.4
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34

NDATE

09 NOV 66

10 NOV 66

14 NOV 66

15 NOV 66

16 NOV 66

MISSION
30-2
121-1

31-2

32=-2

X1
9-1
9-2
9-3
2-1
2-3
2-4
8K7

74-1
61-1
49-2
50-2
33-1
34-1
35-1
36-1
37-1
38-1
39-1
40-1
85-1

86-1

AIRCRAFT
R58
R58
R58
R58

F104
XB70
R58
F104
XR70
R58
F104
F104
F104
F1o4
F104
F104
R58
B58
R58
R58
BS8
R58
R58
RS8
RS8

B58

MACH NQe.

ALTITUDE
47.5
4744
4740
4840

7.

59

3l.

S0.

29.6
1646
16.4
36.

36.0
36.4
36.2
36.0
35.9
35.7
36.2
36.0

36.1



DATE MISSION AIRCRAFT MACH NOe ALTITUDE
17 NOV 66 87-1 R58 . 36.

88-1 R58 e 3643
41-1 R58 . 36.3
SR3 SR71 . .
21 NOV 66 42-1 BS8 ‘o .
43-2 RS8 1.65 25.9
44=2 B58 1.65 3644
45-1 BS8 1.63 3640
46-1 R58 1.55 35.9
472 K58 1.62 35.8
48-2 R58 1.65 3640
23 NOV 66 10-1 XB70 2446 59,
10-2 BS8 1.32 32.4
1-1 XRB70 1.46 37.2
1-3 R58 led 32.4
1-4 F104 1.3 18.6
29 NOV 66 51-2 F104 1.3 16.
64=2 F104 1.65 29.4
76-2 F104 1.52 5044
77-2 F104 1.51 48.8
SR7 SRT1 . .
30 NOV 66 62-1 F104 1.66 30.
73-1 F104 1.51 50,1
63-1 F104 1.62 29.6
75-1 F104 145 49.6

SR8 SRT1 . .
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DATE

01 DEC 66

02

06

07

oR

DEC

DEC

DEC

DEC

66

66

66

MISSION
8K18

8K19

66=-2
18-2

79~-1

119-1
221-1
122-1
123-1
124-1
125-1

126-1

AIRCRAFT

F104
F104
SRT71
SR71
SRT1
F104
F104
F104

B58

R58
F104
Flo4
F104
F104
F104
F104
F104
F104
F104
F104

R58

B58

BS8

R58

B58

858

MACH NQO.

ALYITUDE
30.

30.0

30.8
30.2
26.

48.0
48.7
26.1
29.

17.0
17.1
30.1
S50.

50.4
29.6
16.5
26¢4
47.

48.6
47.6
48.2
48.2

50.2



DATE MISSTON AIRCRAFT MACH NO. ALTITUDE

127-2 -BS8 165 49.0
SR12 SRT1 . .
128-2 B58 le4 41.6
129-2 . BS8 1.65 48.8
130-2 B58 1465 4844
131-2 BS8 1.65 48.5
132-2 BS8 1.65 4843
SR13 SR71 . .
09 DEC 66 82-2 F104 1.5 50e
69-1 F104 167 29.6
56~1 F104 1.28 1645
57-1 F104 1.29 1640
SR14 SR71 . .
12 DEC 66 5-1 R58 1.65 36a
5=2 XB70 2.49 5941
3-1 B58 15 32.4
3-3 F104 . .
3-2 XB70 1.5 37.6
3-4 F104 13 17.8
SR15 SR71 . .
13 DEC 66 SR16 SRT1 . .
SR17 SRT1 . .
SR18 SR71 . .
8KC1A RS8 1e4 45.5
16 DEC 66 11-1 F104 1e4 20.

11=2 R58 165 40.2
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NATE

17 DEC 66
19 DEC 66

20 DEC 66

04 JAN 67

06 JAN 67

09 JAN 67

MISSION

11-3
4-1
4-2

SR19

SR20

SR21

SR22

83-2

71-2

72-2

58=2

59-2

6-2
14=1
14-2
14-3
SR?3
12-1
12-2
12-3

113-1

113-2

113-3
SR27

8KS10

AIRCRAFT

XBT0

RS8
XB70
SRT1
SR71
SR71
SR71
F104
F104
F104
F104
F104

RS8
XBTO
XB70

RS8
F104
SR71

B58
XHT0
F104

B58
XR70
F104
SRT1

F104

MACH NO.
25
1.5
1.5

2.5
1.8
1.53

le3

ALTITUDE
59.4
32.0
38.6

S0.

30.6
3443
16.8
16.6
35.5
60,0
597
38.8

2l.4

39.

603
22.0
39.1
60.3

20.6

30.



DATE

10 JAN 67

13 JAN 67

16 JAN 67

17 JAN 67

MISSION
8KS11
'aKS13
8KS14
8KS16
8KS17
8KS19
8KS20
TFX1
BKS21
SR28
7-1
7-3
15-3
15-1
15-2
SR29
TFXx2
FF1
FF2

FF3

8=3
16=-1
16-2
16-3

SR30

A1RCRAF T
F104
F104
F104
F104
F104
F104
F104
F111
F104
SR71

B58
XB70
F104
XR70

RS8
SR71
F111

738

738

738

R58
XB70

RS8
X870
F104

SR71

MACH NOe

ALTITUDE
30.0
30.6
30.1
3l.4
30.7
30.0
30.5
40.9

2le4

35.

60.3
202
60.6

39.6

35.

60.0
39.7
59.7

20.6

39
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"DATE

18 JAN

16 FEB

21 FEH

0?2 MAR

67

67

67

67

MISSION
SR31
FFa
FFS
FF6
TONT]
TONT?2
SRP1
TONT3
TONTS
TONT6
TONTY
TONTS
UINT]
UINTZ

UINT3

AIRCRAFT

SR71
F104
F104
F104
B58
B58
SR71
B58
BS8
B58
RS58
858
BRS8
RSB

B»58

MACH NO.

ALTITUDE

484«

48,0

48.0
48.
39.0
480
4840
48.
48.

48.



APPENDIX B

DEFORMATION OF AN ELASTIC HALF-SPACE

The complete system of equations of equilibrium of a homogeneous isotropic
elastic solid is composed of the following two equations:

(a) Equations of equilibrium
Tij,j + Fi=0  (i,j = 1,2,3)
(1)

(b) Stress-strain relations

Tij = A aije + 21 ejj
where F4 are body forces
Tij are the stresses
A,U are Lame's elastic constants
815 is the Kronecker delta
8 is the dilatation
€jj are the strains

A repeated subscript in a term implies summation as the index that is
repeated takes on values of 1, 2, and 3. A comma in the subscript indicates
differentiation with respect to the indices following the comma.

The dilatation, 6, is given by

aug auy auz
O = e * €22 * €33 = 0x] * ax2 * ax3 ToMiLi
where
®ij = 1/2 (ui,j *+ uj,i)

and u; are the components of displacement.
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In order to express (1) in terms of displacements, substitute for ©
and ej j in (1b), giving,

Tij = A8ijup k + wug,jj + Ff = 0 (2)
or 2o, + (0 + )28 =0
HV U5 H Xy + Fi = (3)

These are known as Navier's equations.

It is necessary to obtain the general solution of (3) by adding solutions
of

2

vl ug + (A + w) af

axj

=0

to particular solutions of (3)

Kelvin (1848) was responsible for a solution of Navier's non-homogeneous
equations given in (3), namely

ey L A r + 3u) Fi(g) 1
Ul(x) - gﬂu()ﬁzu)—/‘[<)\ + uu> lr - % <—I‘—> (Xj-gj)Fj (E)] dv (4)

v

where r? = (xl - 5)2 + (xp - gz)z + (x3 - £ )2 gives the distance from the
field point (xl,xz,x ) to a variable point %al,gz,gs) inside v. The Fi(E) are

the components of the body force F; in terms of the variable of integration E;-

Suppose that the forces are distributed over a region v, (which includes
£), which is a part of v. Also, suppose that the forces vanish in the remainder
of v. The resultant of the body forces on vy is

Fio =fFidV (5)

V1

Let F; increase so that the integral has a finite limit F;® as vj is
made to approach zero. This gives the impression of a concentrated force
F;° at &;.

i i

Equation (4) can be rewritten as

U = A+3U F; (&) dv (A+u) o
i 8 (A+21) T 81 (A+2u)J, axj
Vv

1
(;)(xj-aj)Fj (£)dv (6)
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Substituting from (5) and differentiating under the second integral:

Uy () = 2B Fi° QG+ (Xi-84) (%5-55) | o (7)
8mu(A+2p) T 8mu (A+2u) 3 J

where u is the displacement produced at x; by a force F;° at E;, provided that
Xy # E5. Because of the problem of X;=E5, the point is assumed to be sur-
rounded by a small sphere of radius a. The solutions in the remaining region
then correspond to the deformation present in a body v with a cavity of

radius a, subjected to forces with resultant Fi°.

If the coordinate axes are chosen so that F1° acts at the origin, then
g = (0,0,0).
1

Also, if F1° =0, F,° = 0, and F,° = P, then from (7)

2 3
ul = C X1X3
r3
_ X2X3
u, = C——-z—-r (8)
2
A+3u 1 X3
uz = A+ T 3
A+u) P
where r2 = X;X5 and CcC = ——£———l———
8mp (A+2p)

Equations (8) represent the displacement at Xy in a medium due to a force
P applied within a sphere of radius a.

It will now be necessary to compute the stresses and tractions over the
sphere. Recalling the stress-strain relations,

Ti4 = u
R S ¥ T ¥ B JE 2
-2uCxz [ fx1\?
we find, = 3(Z1) _ wm
111 3 i (r) >\+u]
-2uCxz [ X5 2
= U
T2 T g 3(“) '-——{] (9
T = r )\'HJ'
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T

and on integrating over the surface of the sphere r = a, we find,

ledc =0, szdc =0, fTsdo =

44

13

12

S

-2uCxop [~
3

I'S =

-2uCx [~
e R

r3 L
-6UCX1X2X3

5
r

It should be noted that on the plane X,

rom

T.. V. wi
13 ]

a4
—6qu2x3

a4

—6qu32

th . = X.,4a
VJ XJ/

2
2u C

a4

S

(A+u)a?

S

-8muC(A+2yu)

= 0, the normal stresses vanish.

The tractions T. produced by these stresses over the sphere of radius
a are determined

(10)

(11)

These are the components of the resultant force exerted on S by matter
exterior to S.



Whatever the radius of the cavity may be, this system of tractions is
statically equivalent to a single force, applied at the origin, directed along
the axis of Z in the positive direction, and of magnitude 8wpC{A+2un)/(A+p).

Boussinesq (1885) determined another solution of Navier's equation for
the conditions of: (1) a force acting at the origin along X and (2) no
change of volume for points located along the negative Z axis. The
solutions are:

Dxq DX
u, = ——— u, = 2 (12)
T(T+x3) r(r+Xz)
u = 2- where r2 = X.X. and D = const
3 i1 ‘

This is called the dilatationless solution of Navier's equations. It
may easily be verified that this is a solution by substitution into Navier's
equation for the condition of 6 = 0. Equations (12) represent a solution for
the displacement at any point in the body except the origin and points on the
negative Z axis. The stresses in the body from this solution can be computed
from the stress-strain relationship which gives:

Mx2 + x2 x2
- ol 2 T3 1
Ti1 T “H

_rs(r+x3) rz(r+x3)2

-2 2 2
D Xl + X3 X2 ]

T = u -

22 _rs(r+x3) r2(r+x3)2
X3

’1'33 = —2].1D ’r—3 (13)
X1

= —2 D —_

13 R
X2

T23 = -2uD ;E
X X, (X,+21)

- = —2yp 17273 7

12 rs(r+x 2

3)

It should be noted from equation (13) that the normal stress on the plane

x3 = 0 is zero.
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The tractions over the surface of the sphere of radius a are:

Xl X
T, = -2y ——m T, = -2uD
1 ’ 2
r2(r+x3) r2(r+x3)
(14)
1
T3 = -2uD —r‘z—' , r=a

The components of the resultant force R; exerted on the sphere by the
matter exterior to the sphere are:

Rl = ./}i do = 0
S

R, = fr2 do = 0 (15)
S

R3 = ./}3 do = -8muD
S

We will now consider a semi-infinite region x, > 0 to be occupied by an
elastic medium and assume that a concentrated force P, applied at the origin,
acts in the positive direction of x,. Since the point of application of the
load is a singular point in the solution of Navier's equations, we delete it
from the region Xq > 0 by describing a hemisphere of small radius a and
confine our attention to the semi-infinite region bounded by the xz = O plane.

We shall construct a solution such that the resultant of all external
stresses acting on the hemisphere is P and ty; = 123 = T35 = 0 over the rest

of the boundary.

Forming the sum of the displacements of (8) and (12), we obtain

C Xjx3 Dxy
u = +
1 r3 r(r+xz)
C x
u _ 2)(3 " DXZ
2 3 . (16)
T r(r+x3)
A+3u 1 x2
uz = C<)+u -7t A )
3/ T
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The principle of superposition insures that the distribution of tractions
over the surface of the hemisphere corresponding to the sum of the displace-
ments can be obtained by summing the tractions in (10) and (14). Equations (11)
and (15) show that the resultant force on the hemisphere acts in the X4
direction and has magnitude

-4muC(A+2u)
A+

R = 4muD (17)

This is one-half the sum of the values given by equations (11) and (15)
wherein the integration was performed over the entire sphere.

Since this represents the action of the medium on the hemisphere, we
equate R to -P and get the equation

4muC(A+2u)
A+p

+ 4muD (18)

involving two unknown constants C and D.

Using the boundary condition T3 = T33 = 75z = 0 on Xz = 0, we can obtain
another equation involving these constants. Therefore, at Xz = 0,

- 2
T13 = 3:2HEEL 3(#5) + _M ] _2u Dx1$ =0
r3 L \r A+u r3 <=0
3
-2uCxA, [ [x 7 2u Dx
T = 3____;3 3(_55 R 2‘ -0 (19)
23 3 L\T v 3 s 5-0
2uCx, [ [x S 71 2uD
-2p uDx
T33 = 3—————§-3<_é> + s - 3 ; =0
r3 L r }\+uJ r3 x3=0
Then,
—2qu1 H Zqul
T = - =
13 o A+l r3
-2uCx U 2uDx5
Ty = - Z - =0 (20)
T A+u r3
Tgg = 0
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and

-Cit
b = (21)
(A+u)
giving
4muC(A+2u) 4np2C
P = _— . —_—
A+u (A+u)
or
P _ C (A+2p-y)
4my (+1)
p
c = T (22)
and
- P
D = 23
4 (A+p) (2%)

Substituting C and D into equation (16),

p X1X X
ul = — 143 p ] 1
4mp r’ 4m(A+u) r(r+xz)
p XHX P X
u = CC R (24)
4y r3 4m (A+1) r(r+xs)
p 2
A+3u 1 X3 . P
u, = —— R
3 4mh \A+u r rd dr(A+u)T

Equations (24) are the solution to the displacement at any point other
than the origin in an isotropic, elastic half-space due to a concentrated force
at the origin. Some insight into the reasoning behind the combination of two
particular solutions for an extended solid to give a solution for a half-space
may be obtained from the following points:

(a) At least two solutions were needed in order to make the shear

stresses vanish in the plane x, = 0. For example, if only the first solution
had been used, we would have a% Xg = 0,
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-2]_(CX1 Y

T = ——. — =20
13 I‘S A+
—ZuCXZ H
T = - = 0
23 3
T Aty
But this can be true only if C = 0 or x, = 0 and x_, = 0. However, if
C = 0, all displacements vanish, giving a trivial solutlgn and if x, = 0 and
X, = 0, T = 0, which is a singular point of the solution. We therefdre need

t6 add in the shear stresses due to another solution, which has another con-
stant, .and make the sum of the shear stresses vanish.

(b) No more than two solutions are needed because only two
additional conditions are necessary to specify a concentrated force acting
on a stress-free boundary, namely, the vanishing of the shear stresses and
the specification of the value of the sum of the concentrated forces at the

origin.

(¢) The particular two solutions used were utilized because they
are two most readily-obtainable solutions in which a concentrated force acts
downward at the origin and the normal stresses vanish on the plane x, = 0.

If neither the shear nor the normal stresses had vanished on the plane, super-
position of the two solutions would have been insufficient to obtain the

desired final solution.

The solutions (24) can be generalized to yield the displacements in a
half-space due to a continuous load distribution. If we let p(&,n) be the
distributed normal load acting at the point (£,n) of the plane X, = 0, the
resultant force P on an element of area do is P = p(&,n) do.

Inserting this in (24), we obtain

u - szlj‘ p(g,n)dédn X1 ff _p(E,n)dEdn
1 47 r3 47 (A+p) r(r+x3)

xzx, (1 p(E,Mdedn  x, A7 p(E,n)dgdn
Y1 T ff 3 - ff
47y T 47 (A+p) r(r+x3)
ff p(&, n)dgdn A+2u ff p(&,n)d&dn
u =
3 dmu 4nu(x+u)
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Figure 26. Relation of maximum overpressure for XB-70 overflights to peak
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Figure 27. Relation of maximum overpressure for B-58 overflights to peak particle
velocity observed on a vertical seismograph located on a clay lake bed
(position 4) at Edwards Air Force Base
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32. Relation of maximum overpressure for SR-71 overflights to peak particle
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Figure 33. Relation of maximum overpressure for XB-70 overflights to peak particle
velocity observed on a vertical seismograph located on a well-consolidated
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Figure 35. Relation of maximum overpressure for B-58 overflights to peak particle

velocity observed on a seismograph oriented transverse to the flight
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Figure 36. Relation of maximum overpressure for F-104 overflights to peak particle
velocity observed on a seismograph oriented radial to the flight track
and located on a clay lake bed (position 1) at Edwards Air Force Base
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Figure 38. Relation of maximum overpressure for XB-70 overflights to peak particle

velocity observed on a séismograph oriented radial to the flight track and
located on a clay lake bed (position 1) at Edwards Air Force Base

G 3475



16

OVERPRESSURE (POUNDS/ FOOT?)

MAXIMUM

35

30 r
L J
2.5 ¢
L]
2.0 } .
L4

1.5

[ ]

L]
1.0

[ ]
0.5 |
L 1 1 J

o 100 200 300 400

MAXIMUM PARTICLE VELOCITY (MICRONS/SECOND)

Figure 39. Relation of maximum overpressure for XB-70 overflights to peak particle
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